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Abstract
In this work, we present a solution to the persistent tensions in the decay observ-
ables RD(∗) and RK(∗) by introducing a SU(2)L doublet and a SU(2)L triplet scalar
leptoquarks (LQs) that reside at the TeV energy scale. Neutrinos that remain massless
in the Standard Model receive naturally small masses at one-loop level via the propa-
gation of the same LQs inside the loop. Such a common origin of apparently disjoint
phenomenological observations is appealing, and we perform a comprehensive analysis
of this set-up. We identify the minimal Yukawa textures required to accommodate
these flavor anomalies and to successfully incorporate neutrino oscillation data while
being consistent with all experimental constraints. This scenario has the potential to
be tested at the experiments by the future improved measurements in the lepton flavor
violating processes. Furthermore, proper explanations of these flavor anomalies predict
TeV scale LQs that are directly accessible at the LHC.
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1 Introduction
In the Standard Model (SM) of particle physics, all the charged fermions receive their masses
as a result of the electroweak (EW) symmetry breaking, whereas neutrinos remain massless.
Over the decades, neutrino oscillations have been firmly confirmed in the experiments [1–7]
breaking the mold of the SM. However, the theoretical origin behind the neutrino mass
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generation is yet to be discovered. By extending the particle content of the SM, neutrino
masses can be incorporated either at the tree-level via the seesaw mechanism [8–14] or at
the loop-level by quantum corrections [15–21]. We consider a scenario where neutrinos are
Majorana fermions and their masses that violate lepton number by two units ∆L = 2 are
generated radiatively at the one-loop order. In our set-up, due to loop suppression, neutrino
masses are naturally small relative to the charged fermion masses. Scenarios, where the
beyond SM states running inside the loop have masses at the TeV scale are particularly
interesting, as they can simultaneously solve other problems such as the recently observed
flavor anomalies.
Observation of neutrino oscillations provides direct evidence for flavor violation in the
neutral lepton sector, which is indeed a phenomenon beyond the SM. Consequently, the
origin of neutrino masses may be directly linked with flavor physics. Recently, several
measurements associated with some of the flavor observables appear to indicate violations
of lepton flavor universality (LFU). Four of such flavor observables, the ratios RD(∗) and
RK(∗) , are of great importance. It is intrigued to find a common origin of the neutrino
masses and RD(∗) , RK(∗) anomalies, which is indeed the purpose of this work.
Several independent measurements of semi-leptonic B meson decays persistently show
deviations from the SM predictions. Charged current processes lead to rare decays of the
form B → Dτν measured by Babar [22, 23] and Belle [24–27], as well as B → D∗τν observed
by Belle [24–27], Babar [22, 23], and LHCb [28, 29] collaborations. The world averages of
these measurements correspond to:
RD =
Γ(B → Dτν)
Γ(B → D`ν) =
0.299± 0.003 SM [30, 31],0.334± 0.031 exp [27, 32–34]. (1)
RD∗ =
Γ(B → D∗τν)
Γ(B → D∗`ν) =
0.258± 0.005 SM [35–37],0.297± 0.015 exp [32–34]. (2)
These experimental results point towards a tension of & 3σ from SM predictions. Since
these ratios are largely insensitive [37] to hadronic uncertainties, the corresponding SM
calculations are reliable.
On the other hand, neutral current processes are responsible for B meson decays of the
form B → K(∗)``, which violates LFU in the following ratios:
RK =
Γ(B → Kµ+µ−)
Γ(B → Ke+e−) , RK∗ =
Γ(B → K∗µ+µ−)
Γ(B → K∗e+e−) . (3)
The LHCb combined results of Run-1 data with 2fb−1 Run-2 data finds:
RK =
1.0003± 0.0001 SM [38],0.846+0.06+0.016−0.054−0.014 exp [39], for 1.1 GeV2 < q2 < 6.0 GeV2. (4)
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Here the first uncertainty is statistical, the second one is systematic, and q2 is the di-lepton
invariant mass squared. This result implies a tension of & 2.5σ between the theory and
experiment. For RK∗ , the Belle collaboration finds values at low and high q2 bins given by:
RK∗ =

1.00± 0.01 SM [40],
0.90+0.27−0.21 ± 0.10 exp [41], for 0.1 GeV2 < q2 < 8.0 GeV2,
1.18+0.52−0.32 ± 0.10 exp [41], for 15 GeV2 < q2 < 19 GeV2.
(5)
Whereas these values are in agreement with the SM, the previous measurements by LHCb
find a significant departure from theoretical calculations. The measured values are given as
follows:
RK∗ =
0.660
+0.110
−0.070 ± 0.024 exp [42], for 0.045 GeV2 < q2 < 1.1 GeV2,
0.685+0.113−0.069 ± 0.047 exp [42], for 1.1 GeV2 < q2 < 6.0 GeV2.
(6)
These results show& 2.5σ deviation from SM predictions in both q2 bins. Theory predictions
of both RK and RK∗ are completely trustworthy since hadronic uncertainties cancel out in
these ratios.
These experimental results have drawn much attention to the theory community over
the last several years. Accurate measurements of these observables have the great potential
to hunt for new physics (NP) since the corresponding ratios are reliably computed within
the SM. In short, experimental data of these flavor observable ratios beg for extensions of
the SM for their proper explanations. To incorporate these significant deviations from the
SM values, leptoquark (LQ) solutions are extensively exploited in the literature (see for
example Refs. [43–110]).
In this work, we propose a solution to the RD(∗) and RK(∗) anomalies by introducing a
SU(2)L doublet and a SU(2)L triplet scalar LQs, respectively. Under the SM gauge group
SU(3)C × SU(2)L × U(1)Y , the quantum numbers of these scalars are R2(3, 2, 7/6) and
S3(3, 3, 1/3). As already aforementioned, it is appealing to connect these LFU violating
anomalies with the flavor violation in the neutral lepton sector originating from the obser-
vation of non-zero masses of the neutrinos. In our proposed model, neutrino gets its mass
by quantum corrections, where the same LQs (R2 and S3) run through the loop. However,
one requires at least one more beyond the SM state to complete such loop diagrams, while
breaking the lepton number by two units. For the sake of minimality, we discard the pos-
sibility of fermionic extensions and instead extend the scalar sector by a SU(2)L singlet,
which is in the χ1(3, 1, 2/3) representation.
We perform a detailed investigation of this model to identify the minimal Yukawa pa-
rameters that are required to satisfy the above-mentioned semi-leptonic B meson decay
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anomalies and neutrino oscillation data. In our phenomenological analysis, we take into
account all essential experimental constraints applicable to our model. We show that such a
non-trivial task can be successfully achieved with only a limited number of parameters. The
scenario presented in this work is particularly attractive since the same parameter set that
generates neutrino masses and mixings, as well as accommodates semi-leptonic B meson
decay anomalies, also links many other beyond SM processes. Among them the charged
lepton flavor violating processes that receive large contributions provide a way to probe this
scenario in the experiments. This model can also be tested at the LHC since existence of
TeV scale LQs are required for consistent explanations of flavor anomalies.
Extension of the SM by scalars can be further motivated by their contributions toward
the running of the SM Higgs self-coupling. It is well known that the SM vacuum is metastable
[111–114]. This happens because the Higgs quartic coupling turns negative at large energy
scales. Presence of new physics may provide sufficient corrections to this running and make
the universe stable. The added scalars (R2, S3, χ1) within our scenario will provide non-zero
corrections to the running of the SM Higgs self-coupling via their Higgs portal couplings,
which at the one-loop level are always positive that helps to stabilize the potential [115].
For detailed analysis including two-loop improved renormalization group equations running
involving scalar LQ extension of the SM, see for example Ref. [115].
There are few more flavor observables that depart from their theoretical values. Associ-
ated to charged current processes, the ratio RJ/ψ shows enhancement [116] in the tauoniuc
mode to the muonic mode for B → J/ψ`ν, the longitudinal polarization of D∗ meson in
the B → D∗τν decay known as fD∗L deviates from the SM value by ∼ 1.5σ [117], and P∗τ
the polarization asymmetry in the longitudinal direction of the tau in the D∗ mode is also
found to show some tension with theory [26]. These anomalies can also play prominent
roles in finding NP, however, currently they have either large error bars or suffer from large
hadronic uncertainties. This is why in this work we focus only on the anomalies associated
with RD(∗) and RK(∗) ratios that provide clean signals of NP.
In Sec. 2, we introduce the proposed model. We discuss how to accommodate B physics
anomalies and neutrino oscillation data in in Sec. 3 and Sec. 4, respectively. Then we
discuss at length all the experimental constraints that are relevant to our model in Sec. 5.
Furthermore, we present our results in Sec. 6, and finally conclude in Sec. 7.
2 The Model
In addition to the SM particle content, our proposed model consists of two scalar LQs
R2(3, 2, 7/6) = {R5/3, R2/3} and S3(3, 3, 1/3) = {S4/3, S1/3S−2/3} to explain the RD(∗) and
RK(∗) anomalies, respectively. The corresponding Yukawa part of the Lagrangian is given
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by [118]:
−L ⊃ yLijuRiR2iσ2LLj − yRijQLiR2`Rj + yijQcLiiσ2(σaSa3 )LLj + h.c., (7)
where QL and LL are the left-handed quark and lepton doublets under SU(2)L, while dR,
uR, and `R are the right-handed down-type quark, up-type quark, and charged lepton,
respectively that are singlets of SU(2)L. Furthermore, σa, a = 1, 2, 3, are Pauli matrices,
{i,j} are flavor indices, and Sa3 are the components of the LQ triplet. It is to be noted that
S3 couples to di-quarks, and we choose these couplings to be zero to ensure the stability of
the proton. By expanding Eq. (7) one can write:
L5/3R2 = −yLijuRi`LjR5/3 + (V yR)ij uLi`RjR5/3 + h.c., (8)
L2/3R2 = (yLU)ijuRiνLjR2/3 + yRijdLi`RjR2/3 + h.c., (9)
LS3 = (yU)ijdcLiS1/3νLj +
√
2yijdcLiS
4/3`Lj +
√
2(V ∗yU)ijucLiS−2/3νLj
−(V ∗y)ijucLiS1/3`Lj + h.c.. (10)
In writing the above Lagrangian terms, we have made a transition from flavor to mass
eigenstates of the fermions with the following transformations:
νL → UνL, uL → V †uL, dL → dL, `L → `L, (11)
such that V and U are the Cabibbo-Kobayashi-Maskawa (CKM) and Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrices, respectively. We have chosen a basis where all the
relative rotations are assigned to up-type quarks and neutrinos. From hereafter we will use
the notation yˆLij = (yLU)ij.
The main objective in this work is to construct a minimal model that can simultaneously
satisfy both the neutrino masses and the B meson decay anomalies. However, with only
R2 and S3 LQs, neutrino masses cannot be generated. For simplicity, instead of fermionic
extensions, we prefer to enlarge the scalar sector. One such simple choice is to extend the
particle content by a color triplet scalar χ1(3, 1, 2/3) = χ2/3 [119], which is a singlet under
SU(2)L. Then in our model, neutrinos are Majorana type particles, and their masses are
generated at the one-loop level, as shown in Fig. 1. In general, χ1 can have only di-quark
coupling, which we assume to be sufficiently small. The completion of the one-loop diagram
for neutrino mass requires the following two terms in the scalar potential:
V ⊃ µχ1HR∗2 + λH∗H∗S3χ1 + h.c. ⊃ µ
v√
2
χ2/3(R2/3)∗ +
√
2λ
v2
2
χ2/3S−2/3. (12)
Here H is the SM Higgs doublet, v = 〈H〉 = 246 GeV, and  is the rank-2 Levi-Civita tensor.
The one-loop neutrino mass matrix in this set-up is then given by:
Mνij = m0
[
(yL)∗kim
u
k(V
∗y)kj + (i↔ j)
]
; m0 ≈ 1
16pi2
µλv3
M21M
2
2
, (13)
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〈H0〉
S−2/3R2/3
νL uR uL νL
〈H0〉〈H
0〉
χ2/3
〈H0〉
S−2/3R2/3
νL uR uL νL
〈H0〉χ2/3
H0
Figure 1: Representative Feynman diagrams of neutrino masses at the one-loop (left) and
two-loop (right) levels.
here mu1,2,3 = {mu,mc,mt}, and M1,2 are the two largest masses among R2/3, S−2/3, χ2/3
states. We denote the mass of the field χ by mχ, and the components of R2 (S3) LQ are
assumed to be degenerate with a common mass mR (mS). Note that within this model,
neutrino masses also receive contributions from a two-loop diagram, as shown in Fig. 1,
which is expected to be much smaller than the one-loop contributions due to a further loop
suppression; hence we neglect such corrections. Inclusions of such terms do not change the
results presented in this work.
3 Explaining the B Meson Decay Anomalies
In this section, we discuss how to incorporate B meson decay anomalies observed in the
RD(∗) and RK(∗) ratios within our framework.
3.1 RD-RD∗ Anomalies
Deviations that have been observed in several experiments in the RD and RD∗ ratios can
be accommodated by the scalar LQ R2(3, 2, 7/6). The charged current process b → cτν
contributing to B → Dτν and B → D∗τν decays after integrating out the heavy LQ state
bL
τR
R2/3
cR
νL
bL
µL
S4/3
µL
sL
Figure 2: Representative Feynman diagrams that lead to b → cτν (left) and b → sµ−µ+
(right) transitions.
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R2 can be explained in terms of the following effective Hamiltonian:
Heff = 4GF√
2
Vcb [(τLγ
µνLτ ) (cLγµbL) + C
j
S(µ) (τRνLj) (cRbL)
+CjT (µ) (τRσ
µννLj) (cRσµνbL)
]
+ h.c.,
(14)
where CjS,T are the Wilson coefficients induced by the LQ state mediating the semileptonic
decays via a tree-level contribution, as shown in Fig. 2 (left diagram). The first term in the
above Hamiltonian is the SM contribution, which strictly corresponds to ντ . On the other
hand, the BSM contributions need not conserve lepton flavor, and the neutrino index j can
in principle run over all three flavors [43, 44]. Note that experiments do not identify the
flavor state of the neutrinos in the RD-RD∗ measurements. After integrating out R2 field,
the expressions of the Wilson coefficients CjS,T at the matching scale µ = mR reads:
CjS (µ = mR) = 4C
j
T (µ = mR) =
yˆLcj(y
R
bτ )
∗
4
√
2m2RGFVcb
. (15)
Here we comment on the scale dependence of the scalar and tensor Wilson coefficients.
The corresponding hadronic operators given in Eq. (14) have QCD anomalous dimensions,
and their associated matrix elements depend on the renormalization scale. This renormaliza-
tion scale dependence must be canceled in the observables by the opposite dependence of the
Wilson coefficients. We are interested in the Wilson coefficients at the bottom-quark mass
scale (mb = 4.18 GeV) at which the matrix elements of hadronic currents are calculated,
which at the leading logarithm approximation have the following forms Ref. [43, 120–122]
CS(µ = mb) =
[
αS(mb)
αS(mt)
]− γS
2β(5)0
[
αS(mt)
αS(mR)
]− γS
2β(6)0
CS(µ = MR), (16)
CT (µ = mb) =
[
αS(mb)
αS(mt)
]− γT
2β(5)0
[
αS(mt)
αS(mR)
]− γT
2β(6)0
CT (µ = MR), (17)
where the running coefficient is β(nf )0 = 11 − 2nf/3, with nf = number of active quark
flavors, and the coefficients of the anomalous dimensions are given by γS = −8 and γT =
8/3. Whereas the above analytical formulas can be straightforwardly used to find the
running of the Wilson coefficients, however, higher order QCD corrections can be significant,
and need to be solved numerically. The corresponding QCD anomalous dimensions up-
to three loop are well known and are listed in Ref. [123], along with the relevant EW
anomalous dimensions. In our numerical analysis we utilize Flavio package [124] that has
NNLO QCD and NLO EW corrections coded in it. We find the correlations between the
Wilson coefficients at the two different scales to be CS(mb) = 1.628 CS(MR) and CT (mb) =
0.857CT (MR) (here we have taken mR = 1 TeV). These lead to CjS(mb) = 7.6 C
j
T (mb), which
breaks the relation at the LQ mass scale given in Eq. (15). Here for simplicity, we have
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omitted the mixing terms between the scalar and the tensor Wilson coefficients. However,
this approximation is valid to a very good degree since the off diagonal mixing terms are
sufficiently small compared to the diagonal entries, see Ref. [123] for details. Throughout
this work, we will quote the values of these (CS, CT ) Wilson coefficients at the scale of the
heavy NP particle.
From the discussion above, it is clear that a successful explanation of the RD-RD∗ anoma-
lies requires the coupling of the b-quark to τ -lepton. Moreover, c-quark must couple to
neutrinos νj, implicating the following needed Yukawa textures [43]:
yR =

0 0 0
0 0 0
0 0 yR33
 , yˆL =

0 0 0
yˆL21 yˆ
L
22 yˆ
L
23
0 0 0
 . (18)
We remind the readers that the yˆL matrix is related to the original yL matrix via PMNS
rotation: yˆL = yLU . With this form of the Yukawa coupling matrices, a solution to the RD-
RD∗ may be achieved in a few different ways: (i) by considering j = τ in Eq. (15), where a
constructive interference with the SM semileptonic amplitude occurs, (ii) by considering j 6=
τ , where no such interference is realized, and (iii) by considering a mixed scenario where all
neutrino species contribute. The required values of the Wilson coefficients to simultaneously
fit RD and RD∗ anomalies in the cases of two-parameter scenarios are depicted in Fig. 3.
The left plot corresponds to the case with real Ce,µS (C
τ
S = 0), and the right plot represents
the scenario with complex CτS (C
e,µ
S = 0). We have used Flavio package to get these plots.
We find that scenarios, where j = τ contribution is non-negligible toward RD(∗) , it always
needs to be very close to purely imaginary to get a good fit. For scenarios of this type, we
choose yR33 to be purely imaginary. On the other hand, all parameters can be taken to be
real for cases when j = τ contribution is negligible (as can be seen from the left plot in Fig.
3).
As well known, S3 LQ can also contribute to b → cτν process with a wrong sign that
is at odds with the experimental observation. These contributions are proportional to the
product of Yukawa couplings y3j(V y∗)23, which within our set-up is too small to provide
any significant contribution.
3.2 RK-RK∗ Anomalies
The B meson decay anomalies associated with the neutral current processes correspond to
an excess of B → K(∗)µ+µ− over the B → K(∗)e+e− channels. The effective Hamiltonian
that describes these processes can be written as follows:
Heff = −4GF√
2
VtjV
∗
ti
( ∑
X=9,10
Cij,``
′
X Oij,``
′
X
)
+ h.c. (19)
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μ=mR
CS=4 CT
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
CS
e
C
S
μ
μ=mR
CS=4 CT
-0.6 -0.4 -0.2 0.0 0.2 0.4
-1.0
-0.5
0.0
0.5
1.0
Re[CS
τ]
Im
[C
S
τ ]
Figure 3: Fits to the RD-RD∗ in a two parameter scenario with (i) CτL = 0, C
e,µ
L ∈ R, and
(ii) Ce,µL = 0, C
τ
L ∈ C. The purple (pink) band represents RD (RD∗) within experimental
1σ values. We are interested in the values of the corresponding Wilson coefficients in the
overlapping shaded regions between these two bands.
Here the effective operators correspond to:
Oij,``′9 =
α
4pi
(
diγ
µPLdj
) (
`γµ`
′) , Oij,``′10 = α4pi (diγµPLdj) (`γµγ5`′) . (20)
Within our framework, these types of effective operators are generated at the tree-level via
S3 LQ, as presented in Fig. 2 (right diagram). After integrating out the heavy degrees of
freedom, one gets the following Wilson coefficients:
C``
′
9 = −C``
′
10 =
v2
VtbV ∗ts
pi
αem
yb`′ (ys`)
∗
m2S
. (21)
Wilson coefficients C9,10 get additional contributions from the one-loop mediated processes
lead by R2 LQ, which can be safely ignored in the present scenario. Interestingly, S3 is the
only LQ that can explain both RK < RSMK and RK∗ < RSMK∗ at the tree-level.
In this work, we assume the NP dominantly couples to the muon sector (hence ` = `′ =
µ), and assume the following texture of the corresponding Yukawa matrix:
y =

0 0 0
0 y22 0
0 y32 0
 , (22)
to alleviate discrepancies in the RK(∗) ratios. The scenario with C
µµ
9,10 is shown to provide
an excellent fit to the RK-RK∗ anomalies, and the required values of the Wilson coefficients
corresponding to best fit is given by [125]:
Cµµ9 = −Cµµ10 = −0.53. (23)
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The allowed values within the one-sigma and two-sigma correspond to [−0.61,−0.45] and
[−0.69,−0.37], respectively. It should be clarified that in addition to RK∗ ratios, these are
several more observables linked with the neutral current processes that show some moderate
level of discrepancies compared to SM predictions; two important quantities are the angu-
lar observable P ′5 [126–128], and combined fit to the anomalous b → s data in operators
contributing to b→ sµµ [62, 63, 125, 129–135]. Explanations of all these deviations in the
neutral current processes are explained by the fit obtained in Eq. (23), for more details see
Ref. [125].
4 Incorporating Neutrino Oscillation Data
In our proposed model, neutrinos are Majorana fermions, and as aforementioned, neutrino
mass is generated radiatively at the one-loop level. The computed neutrino mass matrix is
given in Eq. (13) which can be decomposed into a from: Mν = U diag{m1,m2,m3} UT .
Whereas from experimental results, we already know the definite sign of ∆m221 > 0; however,
the sign of ∆m231 is yet to be measured. The case with ∆m231 > 0 corresponds to the
normal ordering (NO). In contrast, the case with ∆m231 < 0 is known as the inverted
ordering (IO). Since inverted mass ordering is less preferred by fits to data, this work only
considers normal mass ordering. The PMNS matrix U consists of three physical mixing
angles that are measured with excellent precision in the experiments. Furthermore, two of
the mass squared differences have been measured with great accuracy, whereas the absolute
scale of the neutrinos is yet to be determined. These experimental values are summarized
in Table I, which we use for numerical analysis. Since the Dirac phase in the neutrino
sector is inadequately measured in the experiments, and the Majorana phases have not
been measured, we do not include these quantities in our fits.
Oscillation 1 σ allowed range 3 σ allowed range
parameters from NuFit4.1 from NuFit4.1
sin2 θ12 0.31
+0.013
−0.012 0.275 - 0.350
sin2 θ13 0.02241
+0.00066
−0.00065 0.02046 - 0.02440
sin2 θ23 0.558
+0.020
−0.033 0.427 - 0.609
∆m221 (10
−5eV 2) 7.39+0.21−0.20 6.79 - 8.01
∆m231 (10
−3eV 2) 2.523+0.032−0.030 2.432 - 2.618
Table I: Neutrino oscillation parameters for the NO scenarios, these values are taken from
recent NuFit collaboration [136].
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By combining the Yukawa textures Eqs. (18) and (22), along with the neutrino mass
matrix given in Eq. (13), it is trivial to verify that neutrino oscillation data cannot be
explained. Hence to properly incorporate neutrino masses and mixings, we must enlarge the
Yukawa parameters. Since in yL matrix, which enters the neutrino mass matrix formula and
contains non-zero entries (entry) in the second row that are (is) required for the explanation
of RD(∗) , it is natural to populate along the second row of y matrix as well, for the sake
of minimality. Following this argument, our detailed numerical study performed in Sec. 6
reveals two minimal textures for the Yukawa coupling matrices to accommodate anomalies
in the RD∗ , RK∗ ratios in conjunction with neutrino observables, which are:
TX-I : yR =

0 0 0
0 0 0
0 0 ∗
 , yL =

0 0 0
∗ ∗ ∗
0 0 ∗
 , y =

0 0 0
∗ ∗ ∗
0 ∗ 0
 . (24)
TX-II : yR =

0 0 0
0 0 0
0 0 ∗
 , yL =

0 0 0
∗ ∗ ∗
0 0 ∗
 , y =

0 0 0
0 ∗ ∗
∗ ∗ 0
 . (25)
Here the entries in blue enter the explanation of RD, RD∗ ratios, whereas entries in red play
a role in explaining RK , RK∗ ratios. Hence, we always keep these terms to be non-zero.
Additional entries shown in black allow fitting the neutrino observables as well. Moreover,
in the above Yukawa coupling matrices, no entries for the first generation quarks are intro-
duced, since they are highly constrained by experimental data. As will be shown in Sec. 6,
with only a limited number of parameters as given in Eqs. (24) and (25) excellent fits to all
the observables can be achieved. Neutrino observables, as well as RD∗ , RK∗ ratios can all be
fitted within their 1σ experimental values. A choice of such Yukawa couplings texture are
subjected to various experimental constraints that we discuss at length in the next section.
It is worthwhile to mention that further reduction of the number of parameters in Eqs. (24)
and (25) do not return the aforementioned observables within 1σ measured values. Hence
we do not list or consider such textures here.
5 Experimental Constraints
In this section, we summarize all the relevant experimental constraints associated with the
BSM states R2 and S3. For the phenomenological analysis, we limit ourselves to the case of
no mixing among the different LQs. Small mixings among R2/3, S2/3, and χ2/3 are indeed
required to get the correct scale for the neutrino masses, as will be clarified later in the text
(see Sec. 6).
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5.1 Radiative Leptonic Decays: `→ `′γ
LQ mediated one-loop contributions to the dangerous lepton flavor violating (LVF) processes
` → `′γ can severely constrain the couplings of the LQ with the charged leptons. In our
model, some of the parameters are highly constrained by these radiative decay processes.
Following the general method described in Ref. [137] (see also Ref. [138]) in computing such
processes, we derive the following contributions to LVF decays within our scenario:
Br (`→ `′γ) = τ` 9α m
5
`
4(16pi2)2
×
∣∣∣∣∣∑
q
(
yLq`(y
L
q`′)
∗
4m2R
+
(V yR)q`(y
L
q`′)
∗
m2R
mq
6m`
(1 + 4 log xq) +
y∗q`′yq`
3m2S
− (V
∗y)q`′(V ∗y)q`
12m2S
)∣∣∣∣∣
2
.
(26)
Here τ` is the lifetime of the initial state lepton, and xq = (mq/mLQ)2. In the above formula,
the first (last) two terms are the contributions from the R2 (S3) LQ and the expression is
in agreement with Ref. [64] ([85]). The current experimental bounds on these processes are
given by [139, 140]:
Br (µ→ eγ) < 4.2× 10−13, (27)
Br (τ → eγ) < 3.3× 10−8, (28)
Br (τ → µγ) < 4.4× 10−8, (29)
which can be easily translated into the upper bounds on the Yukawa couplings and the
lower bound on the mass of the corresponding LQ. We find that, as long as these flavor
violating processes are under control, processes like ` → `′`′`′ are well below their current
experimental bounds. Even though in our numerical analysis, we take into account all such
processes, here for brevity, we do not write down the associated formulas.
5.2 µ− e Conversion
Neutrinoless µ − e conversion in nuclei can provide strong bounds on some of the Yukawa
couplings in our model. The LQ S3 mediates this dangerous process at the tree-level, and
the associated Yukawa couplings are directly linked to neutrino observables and anomalies
in the RK(∗) ratios. This conversion rate can be written as follows:
CR(µ− e) = Γ
µ−e
Γcapture(Z)
. (30)
Here Γcapture(Z) represents the capture rate for a nucleus with atomic number Z, and the
expression for the width Γµ−e in our scenario is given by [138, 141]:
Γµ−e = 2G2F
∣∣∣(2V (p) + g(u)LV V (n))g(u)LV ∣∣∣2 ; g(u)LV = −2v2m2S3 (V ∗y)u`′ (V ∗y)∗u`. (31)
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In Eq. (31) the nuclear form factors (in units of m5/2µ ) are given by [141] V (p) = 0.0974,
V (n) = 0.146 for gold and the total capture rate for gold is Γcapture = 13.07× 106 s−1. The
current sensitivity imposes strong bounds on the µ−e transition rate: CR(µ−e) < 7×10−13
[142]. On the other hand, the future projected sensitivity that will provide an improvement
on the current limit by almost four orders of magnitude CR(µ → e) < 10−16 [143–149] is
capable of ruling out most part of the parameter space of this theory.
5.3 Z-Boson Decays: Z → ``′
Leptoquarks’ contributions to Z decays to pair of leptons via one-loop processes provide
substantial restrictions on the size of the Yukawa couplings. In the following, we derive such
constraints on the relevant Yukawa couplings of the LQs. The effective Lagrangian of the
following form can describe these processes [150]:
δLZeff =
g
cos θW
∑
f,i,j
fγµ
(
gijfLPL + g
ij
fR
PR
)
fjZµ, (32)
with gijfL(R) = δijg
SM
fL(R)
+ δgijfL(R) , g
SM
fL
= If3 − Qf sin2 θW , gSMfR = −Qf sin2 θW , and θW is
the Weinberg angle. These dimensionless coupling parameters gij are responsible for Z-
decay processes Z → ``′. LEP [151] measurements provide stringent constraints on the
contributions to these rates for both flavor conserving and flavor violating Z decays. By
following the computations done in Ref. [150], we derive the contributions by the LQs to Z
decays, which are given by:
Re
[
δg`L,R
]ij
=
3wutj(w
u
ti)
∗
16pi2
[
(guL,R − guR,L)
xt(xt − 1− log xt)
(xt − 1)2
]
+
xZ
16pi2
∑
q=u,c
wuqj(w
u
qi)
∗
[
− guR,L
(
log xZ − 1
6
)
+
g`L,R
6
]
+
xZ
16pi2
∑
q=d,s,b
wdqj(w
d
qi)
∗
[
− gdR,L
(
log xZ − 1
6
)
+
g`L,R
6
]
, (33)
where xZ = m2Z/m2LQ, xt = m2t/m2LQ and gfL = I
f
3 − Qf sin2 θW , gfR = −Qf sin2 θW .
Furthermore, for LQ R2 we have defined: wuij = −yLij, wdij = 0 when calculating δgL. For the
same LQ, while calculating δgR we have: wuij = (V yR)ij, wdij = yRij . On the other hand, for
S3 LQ, wuij = −(V ∗y)ij, wdij = −
√
2yij replacements must be made, and this LQ does not
give any contribution to δgR. Also for S3 LQ, in the second and third lines in Eq. (33), a
further replacement of gu,dR,L → gu,dL,R must be made. Some of the Yukawa couplings are
strongly constrained by the precise measurements of these effective couplings by the LEP
collaboration [152]:
Re[δgeL] ≤ 3.0× 10−4, Re[δgµL] ≤ 1.1× 10−3, Re[δgτL] ≤ 5.8× 10−4, (34)
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Re[δgeR] ≤ 2.9× 10−4, Re[δgµR] ≤ 1.3× 10−3, Re[δgτR] ≤ 6.2× 10−4. (35)
These experimental results can be translated into upper bounds on the Yukawa couplings of
our theory for a fixed value of LQ masses. Moreover, LHC data [153] imposes an upper limit
on the branching fraction, B(Z → eµ) < 7.5 × 10−7 at the 95% confidence level. Within
our scenario, contributions from S3 can be safely neglected. Moreover, one of the essential
bounds on the Yukawa couplings we get from the above LEP data is (with mR = 1 TeV):
yR33 ≤ 0.856(1σ) [1.22(2σ)]. (36)
For our numerical study, we demand its value to lie within the 2σ range, which is crucial to
achieving a good fit in our model.
Additionally, the effective number of neutrinos is another accurately measured quantity,
and the observed value corresponds to [152]:
N expν = 2.9840± 0.0082, (37)
which will constraint the LQ couplings to the neutrinos by the following equation:
Nν =
∑
i,j
∣∣∣∣δij + δgijνLgSMνL
∣∣∣∣2 . (38)
While performing a fit, we also incorporate these bounds on the Yukawa couplings.
5.4 Bc Meson Lifetime: Bc → τν
The same Yukawa couplings relevant for RD(∗) contribute to the decay Bc → τν. The
lifetime of Bc meson is a very precisely measured quantity [151]: τ [Bc] = (0.507± 0.009) ps.
This has a significant impact on physics BSM that leads to B meson decay and constraints
the yet unmeasured branching ratio Br(Bc → τν). In our scenario, this branching ratio has
the form [154]:
Br(Bc → τν) = 0.023 |1− 4.068 CS(µ = mBc)|2 . (39)
In deriving this formula, we have used fBc = 0.43 GeV and mBc = 6.2749 GeV.
Since the branching ratio Br(Bc → τν) has not been measured yet in the experiments,
Bc lifetime needs to be compared with the theoretical calculations [145, 155–158]. By doing
so, the works in Ref. [159] and Ref. [160] advocated that the NP contributions to this decay
must be Br(Bc → τν) ≤ 10% and Br(Bc → τν) ≤ 30%, respectively. However, as claimed
in Ref. [161] (see also Ref. [162]), these calculations suffer from theoretical uncertainties,
and suggested a conservative limit of Br(Bc → τν) ≤ 60%. As will be shown, a somewhat
larger branching ratio is required to be compatible with RD(∗) measurements in our set-up.
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5.5 Rare Meson Decays: B → K(∗)ν`ν`′
NP explanations of B-anomalies impose strong constraints on the couplings due to rare
meson decays associated with processes like s → dνν and b → sνν. Note that according
to the specific choice of the Yukawa coupling given in Eqs. (24) and (25), our set-up does
not lead to the former mode; however the latter mode is open. This will correspond to
B → K(∗)ν`ν`′ that can be computed from the effective Hamiltonian given in Eq. (19).
Which in our case is mediated by S3 LQ, and upon integrating out this heavy state, this
process can be explained by [163, 164]:
HLQeff (dj → diν`ν¯`′) = −
(yU)j`′(yU)
∗
i`
2m2S3
(
d¯iγµPLdj
)
(ν¯`γ
µPLν`′) . (40)
Then the corresponds Wilson coefficient is given by:
C``
′,NP
bs =
v2
V ∗tsVtb
pi
αem
(yU)∗s`(yU)b`′
2m2S3
. (41)
Using these results one can write:
RννK(∗) =
ΓSM + NP(B → K(∗)νν)
ΓSM(B → K(∗)νν) =
1
3 |CSMbs |2
∑
`,`′
∣∣∣C``,SMbs δ``′ + C``′,NPbs ∣∣∣2 , (42)
here C``SM = −6.38(6) (for each neutrino flavour) [165]. From the above expressions, one can
find limits on the Yukawa couplings and the mass of the associated LQ by comparing with
the SM predictions [47]: BR(B+ → K+νν¯) = (4.0 ± 0.5) × 10−6 and BR(B0 → K∗0νν¯) =
(9.2± 1.0)× 10−6. Furthermore, the latest Belle results [166] infer Rνν
K(∗) < 3.9(2.7) at 90%
C.L.
5.6 Semileptonic B Decays: B → D(∗)`ν
As already pointed out, in addition to R2 LQ, S3 LQ can contribute to RD − RD(∗) . As
argued, the corresponding contributions from S3 are negligible. On the other hand, in this
set-up, S3 LQ can potentially contribute to B → D(∗)`ν, with ` = e, µ. Belle Collaboration
measured these lepton universality ratios in e and µ, and their results are given by: Rµ/e
D(∗) =
0.995 ± 0.022 ± 0.039 and Re/µ
D(∗) = 1.04 ± 0.05 ± 0.01. Both these measurements are well
consistent with unity. In the current framework, these lepton universality ratios receive
additional contributions that are given as:
R
µ/e
D(∗)
R
µ/e
D(∗),SM
=
1−Re (ybµy′cµ)
1−Re (ybey′ce)
; y′q` = (V
∗y)∗q`
v2
2Vcbm2S3
. (43)
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5.7 Semileptonic K Decays: K → `ν
Lepton flavor universality in kaon decays has also be measured with great accuracy. One
such relevant observable in our scenario is the following ratio [52]:
RKe/µ =
Γ(K− → e−ν)
Γ(K− → µ−ν) . (44)
The SM prediction and the experimental measured values of this ratios are given as follows
[167]:
R
K(exp)
e/µ = (2.477± 0.001)× 10−5, RK(exp)e/µ = (2.488± 0.010)× 10−5. (45)
For our NP scenario, this constraint can be recast into an upper bound on the associated
Yukawa coupling [52, 168]: |ybµ| . 0.5(mS/TeV ). This bound also plays a crucial role, since
it is directly correlated with the explanation of RK(∗) ratios.
5.8 Pseudoscalar Meson Decays: P → `−`′+
NP with scalar LQs can have stringent constraints on Yukawa couplings as a result of leptonic
decays of pseudoscalar mesons. The decay width associated with the process P → `−`′+
can be written as [169]:
ΓP→`−`′+ = f 2Pm
3
P
G2F α
2
e
64pi3
∣∣VqjV ∗qi∣∣2 f(mP ,m`,m`′)(∣∣∣∣(m` −m`′)mP (Cij;``′9 )∣∣∣∣2 + ∣∣∣∣(m` +m`′)mP (Cij;``′10 )∣∣∣∣2
)
,
(46)
here, q refers to up-type quarks and the function f is defined as:
f(mP ,m`,m`′) =
√
[1− (m` −m`′)2/m2P ][1− (m` +m`′)2/m2P )]. (47)
Whereas the leptonic decays B0s → `±`∓ are well predicted in the SM, at present, only
the Bs → µ+µ− decay mode has been observed, which is in good agreement with the SM
prediction [170]: Br(Bs → µ+µ−)SM = (3.65 ± 0.23) × 10−9. The observed value for the
corresponding branching fraction is Br(Bs → µ+µ−)exp = (3.0± 0.6)× 10−9, as reported by
the LHC collaborations [171]. Furthermore, we also take into account the current limit of the
lepton flavor violating B meson decay with eµ final state [151]: Br(Bs → µ±e∓) < 5.4×10−9.
5.9 Muon Anomalous Magnetic Moment: (g − 2)µ
Anomalous magnetic moment (AMM) of the muon is one of the most preciously measured
quantities in particle physics. Its value measured at the Brookhaven National Laboratory
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[172] corresponds to a deviation of 3.7σ compared to the SM prediction. Their measured
value is given as follows:
∆aµ = (2.74± 0.73)× 10−9. (48)
Both R2 and S3 LQs can in principle contribute to the AMM of the muon, which we derive
to be [138, 173]:
∆aR2µ = −
3m2µ
32pi2
|yL22|2
m2
R5/3
, ∆aS3µ = −
3m2µ
32pi2
|y22|2 + |y32|2
m2S
. (49)
Both of these provide wrong contributions to the muon AMM, hence the observed value
quoted in Eq. (48) cannot be incorporated within our set-up. Moreover, due to large masses
of the LQs, this observation provides very weak bounds on the above Yukawa couplings.
5.10 Bounds from LHC Searches
In this section, we investigate the LHC constraints on the leptoquark (LQ) masses at Large
Hadron Collider (LHC) for the relevance of B-decays in this model. At hadron colliders, LQ
is pair produced via gg or qq¯ fusion. qq¯ → LQ LQ† with a t-channel is highly suppressed
compared to QCD induced production. Note, the coupling is assumed to be small in the
production cross-section, gg(qq¯) → LQ LQ†, and it is a QCD driven process, entirely de-
termined by the LQ mass and strong coupling constant. In both ATLAS and CMS, there
are searches for the LQ pair production in different decay modes, LQ† LQ → qq¯`¯`, qq¯νν¯
associated with first [174, 175], second [174, 176–178], and third [177, 179, 180] generations
of quarks and leptons.
In Table II, we show the current limits on the masses of first, second, and third gen-
erations scalar LQs for three benchmark values of branching ratio β = (1, 0.8, 0.5). For
the relevance of RD −RD∗ , we take a minimal choice of Yukawa coupling matrices given in
Eq. 24 and Eq. 25, and look at the corresponding decay modes. Thus, R5/32 with Yukawa
coupling yLij (i = c, j = e, µ, τ) and (V yR)33 lead to jj`¯` and tt¯τ τ¯ final states, respectively
from the decay of the pair produced LQs. Similarly, R2/32 with Yukawa coupling (yLU)ij
(i = c, j = νe, νµ, ντ ) and (yR)33 lead to jjνν¯ and bb¯τ τ¯ final states, respectively. It is worth
mentioning that S3 LQ, relevant for RK − RK∗ , has all the above-mentioned decay modes.
However, we take the mass of the S3 to be 2.5 TeV, which automatically satisfies all current
LHC bounds.
To obtain the pair-produced LQ constraints at large Yukawa couplings, we quote Ref.
[81] for various j` and b` type LQs. Here, t-channel diagram interferes with gg and qq¯ fusion
diagrams. The bounds indicated by Ref. [81] shows that t-channel starts to dominate for a
LQ that couples to first generation quarks with coupling of y & 1. However, LQ coupling to
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Decays Scalar LQ (GeV) Lint
β = 1 β = 0.8 β = 0.5
jjνν¯ 980 810 635 35.9 fb−1 [177]
jjee¯ 1435 1360 1200 35.9 fb−1 [175]
jjµµ¯ 1525 1445 1280 36.1 fb−1 [178]
tt¯τ τ¯ 930 850 730 36.1 fb−1 [180]
tt¯νν¯ 1020 940 812 35.9 fb−1 [177]
bb¯τ τ¯ 1025 965 835 36.1 fb−1 [179, 180]
Table II: Summary of scalar LQ mass bound with different decay modes for branching ratio
β (1, 0.8, 0.5) at LHC. ’j’ denotes light quarks u, d, c, s. In the first column, we list the
possible final states, whereas second, third, and fourth column shows the current limits on
the masses of scalar LQs for three benchmark branching ratios. The last column represents
the LHC luminosity for each search with the corresponding references.
heavier quarks has main contribution from t-channel only for y  1. It is also to be pointed
that Drell-Yan-like production with the `+`− final state puts bounds on LQ masses and the
associated Yukawa couplings. Such as, LQ coupling to ce, cµ, cτ , and bτ has a bound on the
Yukawa couplings of 1.8, 1.5, 2.3, and 2.3, respectively for 1 TeV LQ mass. The constraints
on the Yukawa couplings and the bounds on the LQ masses discussed here will be used in
the next section for our numerical analysis.
6 Results and Discussions
In this section, we present the numerical results of the model introduced in Sec. 2. As
already aforementioned, in search of finding the minimal parameters of the theory, our
detailed numerical analysis results in two separate textures that are summarized in Eqs.
(24) and (25). It is important to emphasize that we are interested in finding viable solutions
where all the neutrino observables and the RD(∗) , RK(∗) flavor ratios are reproduced within
their 1σ measured values. For this numerical analysis, we fix the LQ masses to be mR = 1
TeV and mS = 2.5 TeV. For the masses of the up-type quarks entering in the neutrino
mass matrix, we take their values from the PDG [136]: mu = 2.16 MeV, mc = 1.27 GeV,
mt = 172.9 GeV, and consider the following values of the CKM entries:
V =

0.974724 0.224837 0.00358919
−0.224837 0.974724 0.0416293
0.00854386 −0.0416293 1
 . (50)
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We remind the readers that the overall factor m0 in front of the neutrino mass matrix
Eq. (13) is a free parameter of the theory, which is required to be tiny m0 ∼ 10−8 GeV to
satisfy the neutrino oscillation data. Then Eq. (13) provides µλ ∼ 0.7 GeV, which clearly
shows that for the phenomenological analysis, the mixing among the scalars can be ignored
entirely within our scenario. It is because the corresponding mixings are parametrized by
the cubic coupling µ and the quartic coupling λ present in the scalar potential.
As discussed in Sec. 3, the solution to the RD − RD∗ observables in scenarios with
significant contributions from Wilson coefficient CτL must be complex, which is always the
case in our model. Consequently, we choose the parameter yR33 to be purely imaginary, and
the rest of the parameters are all taken to be real. A fit to the RK − RK∗ observables
within 1σ measured values demands ybµysµ to lie in between [4.49 × 10−3, 6.09 × 10−3]. In
this search strategy, we appropriately include all the relevant constraints listed in Sec. 5
coming from various experimental results. It is beyond the scope of this work to explore
the entire parameter space; instead we employ an optimization technique that helps us
efficiently explore different Yukawa textures and verify their viabilities as discussed below.
Our numerical method is based on a constrained minimization where five of the neu-
trino observables (∆m221,∆m231, sin
2 θ12, sin
2 θ23, sin
2 θ13), along with the four flavor ratios
(RD, RD∗ , RK , RK∗), are forced to stay close to their experimental measured values. De-
viations from these values are parametrized by pulls defined by Pi = (Ti − Oi)/Ei, where
Ti is the theory prediction, Oi is the experimental central value, and Ei is the associated
1σ error corresponding to an observable i. A χ2-function is then formed out of these pulls
χ2[xk] =
∑
i Pi[xk] that enters the minimization. The theory parameters xk are further
constrained by the other experimental measurements discussed in the previous section. Uti-
lizing the set of formulas derived in Sec. 5, we impose those conditions to restrict the theory
parameters xk, such as Br(µ→ eγ)[xk] < 4.2× 10−13. By performing this constrained min-
imization for several different textures of Yukawa coupling matrices, we filter out scenarios
that fail to give a reasonable fit.
Corresponding to Eqs. (24) and (25), the minimal and viable Yukawa textures that
resulted from our numerical search, we provide one benchmark point for each in Eqs. (51)
and (52), respectively. A list of observables associated with these parameter sets is tabulated
in Table III.
BM-TX-I : (51)
yR =

0 0 0
0 0 0
0 0 1.09527 i
 , yL =

0 0 0
4.0503× 10−3 −2.1393× 10−2 1.2243
0 0 −4.9097× 10−4
 ,
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y =

0 0 0
−4.5241× 10−4 −7.7187× 10−3 −4.6354× 10−4
0 6.8578× 10−1 0
 , m0 = 1.297× 10−8.
BM-TX-II : (52)
yR =

0 0 0
0 0 0
0 0 1.0945 i
 , yL =

0 0 0
−4.0823× 10−3 2.3482× 10−2 1.2250
0 0 −1.6522× 10−2
 ,
y = −

0 0 0
0 9.6924× 10−2 1.2668× 10−3
7.2254× 10−4 5.4592× 10−2 0
 , m0 = 4.409× 10−9.
The yˆL = yLU matrices associated to these benchmark points are listed in Appendix 1.
For each of these Yukawa textures, we iterate over the aforementioned constrained min-
imization procedure ten thousand times to explore the correlation among different physical
quantities. These results are presented in Figs. 4, 8, 6, 5, 7, and 9. It must be understood
that these plots do not correspond to a random scan over all the theory parameters, rather
a biased scattered plot as a result of our constrained optimization procedure. Due to strong
correlations among many different observables, random scans most likely return parameters
that fail to provide good fits to all observables at once. On the contrary, constrained min-
imization is more likely to force towards the valid region in the parameter space. In these
Observables BM-TX-I BM-TX-II
∆m221(eV
2) 7.39× 10−5 7.40× 10−5
∆m231(eV
2) 2.52× 10−3 2.52× 10−3
θ12 33.86
◦ 33.87◦
θ23 47.95
◦ 49.95◦
θ13 8.61
◦ 8.61◦
RD 0.3485 0.3484
RD∗ 0.2875 0.2875
C9 = −C10 -0.529 -0.530
CR(µ→ e) 3.31× 10−15 5.90× 10−17
Br(µ→ eγ) 1.34× 10−14 1.45× 10−14
Br(τ → eγ) 4.11× 10−10 1.49× 10−11
Br(τ → µγ) 1.47× 10−11 4.95× 10−10
Table III: Fit values of some of the observables for benchmark points given in Eqs. (51) and
(52).
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plots, green dots correspond to solutions where all the five neutrino observables are repro-
duced within their 1σ measured values. Similarly, magenta (cyan) dots represent solutions
that are reproduced within their 2σ (3σ) experimental values. Solutions that do not return
neutrino mass squared differences and three mixing angles within their 3σ measured values
are represented with black dots. These correlations are obtained since neutrino masses and
mixings, flavor observable ratios RD(∗) , RK(∗) , and other flavor violating processes are all
intertwined within our framework.
Figure 4: Biased scattered plot resulting from our constrained minimization procedure in the
C9−CR(µ→ e) plane. The solid red line corresponds to the present bound of CR(µ→ e) <
7×10−13 from SINDRUM II [142], and the gray solid line is for the most stringent bound of
CR(µ → e) < 10−16 from future projected sensitivity [143–149]. Green dots correspond to
solutions where all the five neutrino observables are reproduced within their 1σ measured
values. Similarly magenta (cyan) dots represent solutions that are reproduced within their
2σ (3σ) experimental values. Solutions that do not return neutrino mass squared differences
and mixing angles within 3σ values are represented with black dots.
As can be seen from these plots, experimental results of charged lepton flavor violating
processes namely µ → e conversion in nuclei, and ` → `′γ decays have strong implications
in our scenario. Future improved sensitivity of these experiments will probe most part of
the parameter space. For example, Fig. 4 demonstrates the correlation of RK(∗) ratios with
µ → e in gold. This shows that for both the textures, specially for TX-I, only a small
parameter space will remain viable, since µ→ e conversion rate cannot be made arbitrarily
small and still be consistent with observed RK∗ ratio. Strong correlations of different lepton
flavor violating processes that are typical within our scenario are depicted in Figs. 8, 5, 7,
and 9. Furthermore, from Fig. 6, it can be inferred that Br(Bc → τν) > 10% must be
realized to get an acceptable solution to RD(∗) .
For each set of Yukawa structures, as shown in Eq. (51) and Eq. (52), we set the limits on
the masses of the leptoquarks. R5/32 has decay modes to jjτ τ¯ and tt¯τ τ¯ with corresponding
22
Figure 5: Biased scattered plot in the Br(τ → µγ)−CR(µ→ e) plane, for details see text.
The solid red horizontal line corresponds to the present bound of CR(µ → e) < 7 × 10−13
from SINDRUM II [142], and the gray solid horizontal line is for the most stringent bound
of CR(µ→ e) < 10−16 from future projected sensitivity [143–149]. The vertical red dashed
line corresponds to present experimental limit Br(τ → µγ) < 4.4 × 10−8 [140]. The color
code is the same as that of Fig. 4.
Figure 6: Biased scattered plot in the RD −RD∗ plane. The region in between the vertical
(horizontal) solid gray (dashed gray) lines correspond to 1σ allowed range forRD (RD∗) ratio.
We have also indicated three different branching ratios of Br(Bc → τν) corresponding to
10%, 30%, and 60% within the present set-up. The color code is the same as that of Fig. 4.
branching ratios β = 0.56 and 0.44, respectively. Similarly, R2/32 primarily decays to jjνν¯
with β of 0.55 and bb¯τ τ¯ with β of 0.45. With these given decay modes along with their
associated branching fractions, the most robust bound on LQ mass is 810 GeV that comes
from pair produced R2/32 LQs decaying to bb¯τ τ¯ . However, we have set the LQ mass for R2 at
1 TeV for demonstration, which automatically satisfies the mass limit from LHC, as quoted
in Table II. Since, LQs in both of these textures only decay to heavier quarks (c, b, t), LQ
pair production t-channel diagram and Drell-Yan-like production with `+`− final state do
not put important constraints with the choice of Yukawa couplings presented in Eqs. (51)
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and (52). From the above analysis it can be inferred that consistent explanation of RD∗
ratios requires the mass of the R2 LQ in the range ∼ 800-1000 GeV without making the
corresponding Yukawa couplings much larger than unity. A scalar LQ of this type can be
directly probed at the LHC by the upcoming high luminosity run. A detailed collider study
is beyond the scope of this work.
Here we comment on the effects of the O(1) couplings required for RD(∗) explanations.
In certain scenarios large Yukawa couplings to the third generation lepton (tau) can induce
universal contributions to C``9,10 for light lepton generations (` = e, µ) via the one-loop off-
shell photon penguin diagram [181] (Z-boson penguin diagrams can be safely neglected).
Which under renormalization group equation running down to the B-meson mass scale can
give significant contribution to the b → sµµ transition. This plays a vital role in scenarios
with vector LQ where the same couplings that explain the RD(∗) induce such one-loop
photon penguin diagram [182]. Concerning the scalar LQs, similar logarithmic enhanced
contributions can also be realized for S3 LQ [107]. However, in our scenario with R2 (S3)
LQ, no such one-loop photon penguin diagram can be drawn due to our choice of yRsτ = 0
(ybτ = 0).
7 Conclusion
In conclusion, we have proposed an economic model where three of the problems are inter-
connected and have a common solution. The issue of generating neutrino masses is directly
linked with the persistent observation of B meson decay anomalies in the RD, RD∗ and
RK , RK∗ ratios over the last several years. Our proposed model consists of three beyond
the SM scalar color triplets; they are a singlet χ1, a doublet R2, and a triplet S3 under the
SU(2)L. RD(∗) and RK(∗) anomalies are accommodated by R2 and S3 scalar leptoquarks,
respectively, whereas neutrinos receive tiny masses via quantum corrections where all these
beyond SM scalars are running inside the loops. By properly taking into account all the
relevant experimental constraints, we have demonstrated the viability of our scenario that
is achieved with only a limited number of Yukawa parameters. This is a highly non-trivial
task since the same parameters that explain neutrino oscillation data, and RD(∗) , RK(∗) fla-
vor ratios, also lead to many other flavor violating processes that are strongly constrained
by experimental observations. Low energy experiments that are searching for rare lepton
flavor violating decays provide tight constraints, and future improved sensitivity of these
measurements will probe substantial part of the parameter space of the model. For the
explanation of RD(∗) , since complex Yukawa coupling of order unity is required, such a sce-
nario can be directly probed in the future experiments by precise measurements of electric
dipole moments [183]. In our set-up, the explanations of both RD and RD∗ ratios within
24
their 1σ allowed range require the branching ratio Br(Bc → τν) much larger than 10%,
which in principle can be ruled out in future by reducing the uncertainties associated with
QCD calculations. Furthermore, our description of flavor anomalies, particularly for RD(∗)
ratios predict LQ states around the TeV scale that are directly accessible at the LHC.
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Appendix 1
In this appendix we present the numerical values of the yˆL matrices for the two benchmark
points considered in the main text.
BM-TX-I : yLU =

0 0 0
−0.411367 0.836255 0.79438
1.6229× 10−4 −3.3020× 10−4 −3.2508× 10−4
 . (53)
BM-TX-II : yLU =

0 0 0
−0.397435 0.810018 0.8289928
5.4623× 10−3 −1.1111× 10−2 −1.0939× 10−2
 . (54)
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Appendix 2
Correlations among few different lepton flavor violating processes are presented in Figs. 7,
8, and 9.
Figure 7: Biased scattered plot in the Br(τ → eγ)−Br(µ→ eγ) plane, for details see text.
The red (gray) solid horizontal line represents current (future projected sensitivity) bound
Br(µ → eγ) < 4.2 × 10−13 (6 × 10−14) [139]. The vertical red dashed line corresponds to
present experimental limit Br(τ → eγ) < 3.3 × 10−8 [140]. The color code is the same as
that of Fig. 4.
Figure 8: Biased scattered plot in the Br(τ → µγ)−Br(µ→ eγ) plane, for details see text.
The red (gray) solid horizontal line represents current (future projected sensitivity) bound
Br(µ → eγ) < 4.2 × 10−13 (6 × 10−14) [139]. The vertical red dashed line corresponds to
present experimental limit Br(τ → µγ) < 4.4 × 10−8 [140]. The color code is the same as
that of Fig. 4.
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Figure 9: Biased scattered plot in the Br(τ → eγ)−Br(τ → µγ) plane, for details see text.
The red solid horizontal line represents current bound Br(τ → µγ) < 4.4 × 10−8 and the
vertical red dashed line corresponds to present experimental limit Br(τ → µγ) < 3.3×10−8
[140]. The color code is the same as that of Fig. 4.
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